In this paper, the physiological mechanism underlying the voice fundamental frequency (F0) control was investigated at the phrasal level. A new method of correlation analysis between cricothyroid muscle activity and the resulting F0 contour was proposed and applied to speech material varying in accentedness and focal conditions. Examinations of the difference between the observed F0 contours and the F0 contours estimated from the cricothyroid activity revealed interesting deviation tendencies that are related to the linguistic properties of speech material: accentedness; location of phrase in a sentence; and the presence vs. absence of focus. Another interesting finding was the strong suppression of the sternohyoid muscle activity under focus. The suppression was stronger in unaccented phrases than in accented ones. An interpretation of the suppression and its relationship to accent was proposed based on the notion of laryngeal state function proposed in Atkinson (1978) .
INTRODUCTION
Previous electromyographic investigations of the voice fundamental frequency (F0) production mechanism of Japanese were concerned mostly with the realization of word accent, which is realized typically as a sharp local fall of F0 in the Standard (Tokyo) Japanese (Simada and Hirose, 1970 for example). Recent phonetic/phonological studies show, however, the realization of accent can be influenced considerably by prosodic structure including, for example, prosodic phrasing and focus placement (Poser, 1984; Pierrehumbert and Beckman, 1988) . The aim of the present study is to examine such phrasal effects on the laryngeal activities of F0 control. Formerly, we have reported the preliminary electromyographic study of the so called "accentless" dialect of Japanese (Kiritani et al., 1991) , which analyzed an accentless dialect with a view to excluding the effect of lexical accent. In the present study, we will analyze Tokyo Japanese in which interactions between lexical and phrasal phonological factors might be involved.
SPEECH MATERIAL AND DATA COLLECTION
The following four simple Japanese passive sentences were used as speech material. They were devised so that the maximum succession of voiced segments could be obtained. Also, only the closed vowels, viz. /i/ and /u/, appear in the vicinity of the accent. These sentences share the same syntactic structure of N1-ga N2-ni VP; N1 is either unaccented Fujinuma or accented Fuji'mura, both of them being common Japanese family names, while N2 is either unaccented jijuu (attendant) or accented jiji'i (old man). VP is fixed to ibirare'runda (is mistreated); ga and ni are grammatical particles used to express the patient and agent of passive voice, respectively. Note, an apostrophe is used to refer to the accent location. The vowel immediately to the left of an apostrophe bears accent. We will refer to each of these sentences using the abbreviations UU, UA, AU and AA, where U and A stand respectively for unaccented and accented.
UU) Fujinuma-ga fijuu-ni ibirare'runda. (Fujinuma is mistreated by an attendant.) UA) Fujinuma-ga ibirare'runda. (Fujinuma is mistreated by an old man.) AU) Fuji'mura-ga jijuu-ni ibirare'runda.
(Fujimura is mistreated by an attendant.) AA) Fuji'mura-ga ibirare'runda. (Fujimura is mistreated by an old man.) An adult male speaker of Tokyo Japanese , who was in his late fifties, read these sentences repeatedly changing the location of narrow focus, which was indicated by the underscore on the reading list . The following three focal conditions were used for all the sentences: No focus (abb. NF); focus on the first noun phrase (F1); and focus on the second noun phrase (F2). Each sentence under a given focal condition was read twelve times. Some of the sentences were read more than twelve times, but only the first twelve utterances were analyzed in this study. sary to take into account the time lag, or response time, between the muscle activity and the resulting acoustic change. The method adopted in the study of Atkinson (1978) was to shift the EMG data on the time axis; the response time was determined to be the time shift which gave the highest correlation between the EMG signal and the F0 signal. Although the reported result of Atkinson's study seemed to be a valid one, it is more appropriate, from a physical point of view, to regard acoustic events resulting from muscular activities as a response function of a certain kind of continuous system. With this in mind, we have adopted the following method of correlation analysis. The new method considers the EMG signal to be the input signal to a hypothetical system which generates the F0 contour, and the system characteristics, namely the time constant of the system, was determined so that the output signal from the system gives the best approximation of the observed F0 contour. It was hypothesized that the time sequence of the EMG signals linear second order system and the output signal from the system-y-has a linear relationship with F0. A linear regression method was used in order to obtain the F0 estimation value (F0') from the y signal (see Fig. 1 ). Here, it deserves special mention that in this model the F0 value at one point in time is determined by the cumulative effects of the past EMG signals. This is the crucial difference between our approach and the one taken in Atkinson's study which used Pearson's productmoment correlation, thereby considering only the point-to-point relationship between the two signals. F, contours of the twelve utterances, i.e. the four sentences under the three focal conditions, were estimated from the averaged CT activities of each utterance by changing the time constant of the system from 35 to 50 ms in steps of 5 ms. The beginning and the end of a given F0 contour were determined, as the time points where F0 exceeds and falls short of 70 Hz, respectively.
Electromyographic
The resulting RMS estimation error was shown in Table 1 . Although the result of one-way ANOVA showed no statistically significant difference among different time constants, the table revealed that the time constant of 40 ms gave the best overall fit to the original F0 contours. Moreover, this was the same value as the mean "response time" obtained in Atkinson's study, and was very close to the muscle contraction Table 1 RMS estimation error of F0 from CT activity as a function of the time constant T of the hypothetical system.
[Hz] times reported in the previous anatomical studies as summarized in Sawashima (1973) . Fig. 3 compares, from top to bottom, speech power, original F0 and estimated F0', CT activity, and SH activity. As a whole, the estimated contours mimic successfully the original ones. Closer comparison between the original and the estimated contours reveals , however, several systematic deviation tendencies. These tendencies will be discussed in the discussion section. In addition, F0' diverges considerably from the original F0 before the onset of voicing. It is an artifact caused by the non-zero intercept value of the linear regression formula. Also, F0' tends to diverge from F0 at the end of an utterance. This is presumably because of the sudden decrease of the subglottal pressure, which often marks the end of an utterance (Collier, 1975) .
Analysis of SH Activity
The interesting finding regarding the SH is the suppression of SH activity caused by the existence of narrow focus. The suppression was observed typically in focused unaccented noun phrases . Figure 3 shows, for example, that, in utterance UUNF, a certain amount of SH activity was observed both in the first and the second noun phrases. These activities appear to be related to the segmental articulations like jaw opening for the vowel /a/, and consonantal release for /n/ and /j/. In utterance UUF2, in which focus was on the second noun phrase, the SH activity corresponding to the second noun phrase was reduced and became almost nonexistent. When focus is on the first noun phrase (UUF1), the two noun phrases appear to be dephrased and merged into one long unaccented accentual phrase, and the SH activity was reduced over the whole time stretch corresponding to this resulting accentual phrase. The same kind of SH suppression was observed in the focused unaccented phrases of sentences UA and AU as well.
The suppression of SH activity was also observed, but to a lesser amount, in accented noun phrases. In sentence AA, for example, SH activity was ob- Table 2 Averaged SH activity in the first and second noun phrases as classified by the focal condition.
served both in the unfocused utterance (AANF) and focused ones (AAF1, AAF2) regardless of focus placement, but the SH activity of the unfocused noun phrases were greater than their focused counterparts. Table 2 shows the averaged SH activity values of the first and second noun phrases of all utterances. The suppression of averaged SH activity was observed in every focused noun phrase with the sole exception of the first noun phrase of utterance AAF1. Note, in calculating the values in Table 2 , the phrase boundaries were determined manually by finding the local minima in the F0 counters. However, the boundary between the second noun phrase and the predicate verb of UUF2 could not be determined in this way, since there was no local minimum. In this particular case, the boundary was set to the time point where F0 declination rate was the slowest. Note, also, all panels of Fig. 3 show a large distinct SH peak near the beginning of the predicate VP ibirare'runda, which seems to correspond to the segmental articulations for the consonant /r/ and the vowel /a/ of the predicate. In utterances U UF2 and AUF2, the peak location was relatively earlier in time and penetrated into the time region for the second noun phrases. In these utterances, the peak was excluded from the calculation of the averaged SH values of the second noun phrases by shifting the phrase boundary location leftward, to the beginning of the SH peak.
DISCUSSIONS

Systematic Deviations in the F0 Estimation
Closer comparison of the original and estimated F0 contours in Fig. 3 reveals that the deviation of the estimated F0 contours from the original ones is in some way related to the prosodic structure of the speech material. Table 3 Estimation error between the F0' and the original F0 .
[Hz] Table  4 Simple estimation error as classified by the three deviation factors .
[Hz] Table 5 Results of three-way ANOVA for pooled simple estimation error data . Table 6 t-tests on the effects of Focus within each level of NP location and those of NP location within each level of focus.
significant in both levels of NP location. From this, we conclude that the main effects of NP location and Focus were really significant ones. Although it is impossible, at this time, to draw any total scheme of the mechanism by which the three factors influence the F0 estimation, one thing is to be noted here. The effect of NP location on F0 estimation implies that the efficiency of the CT activity is higher in earlier portion of an utterance than in later portion, and suggests the possible relevance of the subglottal pressure change. As mentioned briefly in Collier (1975) , the CT activity can increase in order to compensate lowered subglottal pressure, which is observed typically in the realization of the sentence final rising rendition. If this kind of compensation exists throughout the sentence as a function of gradually decreasing subglottal pressure, the underestimation in the first noun phrase and the overestimation in the second one can be interpreted as a natural byproduct of the fact that we used one single regression formula to derive the estimated F0' value regardless of the phrase location.
The main effects of accent and focus are more difficult to interpret. But both of them seem to be related to the observed suppression of SH activity.
Suppression of SH and the Laryngeal State
Function The suppression of SH activity under focus and its relationship with accent is the most interesting finding of the present experiment. The observed suppression of the SH under focus gives credence to the hypothetical "laryngeal state function" stated in Atkinson (1978) . What Atkinson proposed was that there are two distinct states of the larynx ("different modes of vibration of the vocal folds and/or different physiological control mechanisms." ibid. p. 218): HighF0 and LowF0. It is important to note that, according to Atkinson, it is the strap muscles-mainly the SH-which are assumed to play a crucial role in the switching of the two states. The SH is supposed to be lax when the larynx is in the HighF0 state and, conversely, to be tense in the LowF0 state. Atkinson also suggested that the switching between the two states was caused mainly by the lowering of larynx, which in turn was caused by the activation of the SH muscle (ibid. p.219).
Recent MRI study by Honda and his colleagues seems to give a substantial support for this hypothesis (Honda et al., 1993) .
Our observation about the SH seems to be compatible with this notion; it is natural to regard the strong suppression of the SH under focus to be a consequence of an extreme HighF0 state-say OverHighF0-which is required by focus. The fact that the upper end of the pitch range of our subject was higher than 250 Hz and was much higher than the reported pitch range of Atkinson's subject (80-160 Hz, male voice) reinforces this interpretation. At this point, we would like to suggest the possibility that the overestimation and underestimation of F0' due to the presence and absence of focus was a reflection of the different states of larynx.
Moreover, the incomplete suppression of the SH activity in focused accented noun phrases could be interpreted in a plausible way in light of the extended notion of laryngeal state function. We assume that the role played by the SH muscle is the same both for unaccented and accented phrases; namely to switch several laryngeal states according to the required pitch range. However, since accent in Tokyo Japanese is characterized by a local pitch fall which must be realized in a limited time, the realization of accent under focus requires quick switching from OverHighF0 to LowF0 near the time point of the accentual F0 peak. Because of this, the suppression of the SH activity under focus cannot be a complete one, if accent is there. On the other hand, in the case of unaccented noun phrases, nothing requires the switching of larynx into the LowF0 state, and the OverHighF0 state could endure to the end of the accentual phrase.
As we saw earlier in Fig. 3 , the suppression of the SH endured over the two noun phrases in the UUF1 utterance. This was because the accentual phrase boundary between the two phrases was deleted at the level of phonology, or the second accentual phrase became a 'degenerate' one in the sense discussed in Maekawa (1994) . In this particular case, the F0 value at the end of the suppression region is as low as 150 Hz, and seems to be in the pitch range which does not usually require the OverHighF0 state. This suggests that the transition between the two adjacent laryngeal states along the F0 scale need not to be a discontinuous one, but there is an intermediate pitch range in which either state can be employed to realize the given F0 level.
Lastly, we would like to note that our interpretation of the SH reduction phenomena is partly in contradiction with the two extreme views about the SH muscle: the view that sees straightforward causal relationship between SH activity and F0 lowering (Sugito, 1982) and the view that sees virtually no role played by the SH regarding F0 lowering (Collier, 1975; Fujisaki, 1988) .
CONCLUDING REMARKS
In this paper, a new method of correlation analysis between the CT activity and the resulting F0 was proposed. The comparison between the original and the estimated contours revealed several interesting deviation tendencies that seemed to be related to several linguistic properties: accentedness, phrase location and focus. Another finding regarding the effect of focus was the suppression of the SH activity under focus. The degree of SH suppression can be different depending on the accentedness of the speech material. This difference was interpreted in the light of the laryngeal state function as proposed by Atkinson (1978) . Apart from this particular interpretation, our experiment showed that subtle differences of larynx could be observed depending on the prosodic structure of an utterance.
Needless to say, the present study remains in its preliminary stage and needs to be enhanced by future experiments. More subjects need to be examined, and the recording of subglottal pressure would be indispensable.
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